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Introduction
Aerosols exert various impacts on the earth system affecting climate, atmospheric chemistry, nutrients cycling, visibility and human health. An important fraction of aerosol that is only recently considered in global model simulations is the secondary Figures   Back Close
Full Screen / Esc
Print Version
Interactive Discussion EGU garidis and Kanakidou, 2003) . All global modelling studies agree that a major precursor of SOA is biogenics (Griffin et al., 1999; Kanakidou et al., 2000; Chung and Seinfeld, 2002; Tsigaridis and Kanakidou, 2003; Derwent et al., 2003; Bonn et al., 2003; Lack et al., 2004) . Emissions from the terrestrial biosphere are affected by meteorological conditions like sunlight, temperature, moisture etc (Guenther et al., 1995; Naik et al., 5 2004). Earth's climate and atmospheric circulation are known to be subject to large natural variability that also reflects to the atmospheric composition as demonstrated by ice core measurements (Falkowski et al., 2000) . This variability is expected to affect SOA levels in the atmosphere that in turn, together with the other aerosol components, impact on radiation and on the hydrological cycle (Kanakidou et al., 2004 and references therein) . Thus, SOA might be involved in significant chemistry/climate feedbacks that enhance stability or perturbation of the atmosphere and climate, and that deserve careful investigation (Kulmala et al., 2004) . A critical step in understanding SOA behaviour in the atmosphere is the evaluation of the importance of the human induced changes in SOA that presupposes the understanding and evaluation of the natural variability (see 15 discussion in Falkowski et al., 2000) . The present study aims to provide the variability of the SOA distributions and thus a measure for the robustness of the conclusions on human induced changes despite the associated uncertainties in modelling SOA chemical formation in the global troposphere (Tsigaridis and Kanakidou, 2003; Pun et al., 2003; Kanakidou et al., 2004) . 20 Multiphase chemistry of organics that contributes to the SOA formation in the atmosphere (Hermann et al., 2003; Ervens et al., 2004; Tolocka et al., 2004; Kalberer et al., 2004; Claeys et al., 2004b; Barsanti and Pankow, 2004) is until now neglected in SOA global chemistry/transport model (CTM) (Olivier et al., 1996) . Additional simulations have been performed for the years 1986 and 1990 to analyse the computed changes in the SOA budget and tropospheric burden. The choice of these two years has been based on their meteorological conditions: 10 in general, the year 1986 has been colder and dryer than 1990, as can be seen in Fig. 1 . As a consequence of the climate variability, the biogenic VOC emissions calculated by ORCHIDEE are higher in 1990 (801 TgC y −1 ) compared to 1986 (756 TgC y −1 ).
Models description
2.1. Global chemistry/transport model -TM3
15
The model used for the present study is the well-documented off-line chemical transport model TM3 (Houweling et al., 1998; Dentener et al., 1999; Jeuken et al., 2001) . The model has a horizontal resolution of 3.75 • ×5 • in latitude and longitude, and 19 vertical hybrid layers from the surface to 10 hPa. Roughly, 5 layers are located in the boundary layer, 8 in the free troposphere and 6 in the stratosphere. EGU that for the present study the spatial and temporal biogenic emissions (isoprene, terpenes and other VOC) are those calculated by the ORCHIDEE model instead of using the GEIA recommendations (Guenther et al., 1995) . In addition, SOA formation from isoprene oxidation has been simulated by applying a 0.2% molar conversion factor (Claeys et al., 2004a) . Multiphase chemistry that may produce additional organic 5 aerosol mass (Kanakidou et al., 2004 and references therein) is not taken into account. This approach requires improvement, as soon as kinetic data will become available. (Krinner et al., 2005) . ORCHIDEE is composed of 3 models and is designed either to be coupled to a general circula-15 tion model or forced by climatic data. The surface-vegetation-atmosphere transfer scheme SECHIBA (Schématisation deséchanges hydriquesà l'interface biosphereatmosphère), (Ducoudré et al., 1993; de Rosnay and Polcher, 1998) , calculates processes characterized by short time-scales, ranging from a few minutes to hours, such as energy and water exchanges between the atmosphere and the terrestrial biosphere 20 as well as the soil water budget. 
where F is the flux of the biogenic species considered, given in µgC m −2 h −1 ; LAI is the leaf area index in m 2 m −2 , calculated step by step by the model; unlike Guenther et al. (1995) the specific leaf weight s in g m −2 is calculated by ORCHIDEE depending on the considered PFT; E f is the emission factor in µgC g −1 h −1 prescribed for each PFT and biogenic species (Guenther et al., 1995 (Guenther et al., , 2000 MacDonald and Fall, 1993; Kesselmeier and Staudt, 1999; Janson and de Serves, 2001) . C T and C L are adjustment factors which account for the influence of leaf temperature and light on biogenic emissions: a light and temperature dependency is considered for isoprene emissions 15 and radiation extinction inside the canopy is taken into account, so that shaded leaves emit much less isoprene than sunlit ones, and only temperature dependency is taken into consideration for all other compounds. Thus the temperature dependency for isoprene is expressed by
20 and for all other compounds
The light dependency considered only for isoprene is expressed by the factor C L : 
EGU
For the above mentioned equations, T is leaf temperature (K), Q is the flux of photosynthetic active radiation (PAR; µmol phot m −2 s −1 ), T s is leaf temperature at standard conditions (303 K), R is the gas constant (8.314 J K −1 mol −1 ); C T 1 (95 000 J mol −1 ), C T 2 (230 000 J mol −1 ), T M (314 K), β (0.09 K −1 ), α (0.0027) and C L1 (1.066) are empirical coefficients. Since the ORCHIDEE model does not calculate the leaf temperature, 5 we use instead the "surface" temperature, which takes into account both soil surface and vegetation energy budget. Several studies (Guenther et al., 2000; MacDonald and Fall, 1993) underline the impact of leaf age on the emission capacity and highlight that young leaves emit less isoprene but more methanol than mature ones and that old leaves have a strongly 10 reduced emission capacity. We thus assigned a biogenic emissions activity factor L a (Eq. 1) for isoprene and methanol emissions, depending on the leaf age classes given in ORCHIDEE assuming that mature and old leaves emission efficiency is half the one of young leaves in the case of methanol emissions, and that young and old leaves emit 3 times less isoprene than mature ones (Guenther et al., 1999) . 
The simulations 20
We performed six different simulations which are summarized as follows:
1. Interannual variability. An 11 year simulation from 1983 to 1993 has been performed, from which the first year (1983) has been used for spin up time and the next 10 years (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) are analyzed for the present study.
2. M86/E86: This simulation corresponds to the year 1986, extracted from the 11-
25
year simulation. Biogenic emissions of VOC and meteorological fields come from 1261 Introduction
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EGU the year 1986. This simulation has been arbitrary used as base case for the present study.
3. T90/E86: Same as M86/E86 but with temperature fields from the year 1990.
4. TH90/E86: Same as M86/E86 but with temperature and water cycle fields (relative humidity, rainfall, cloud cover) from the year 1990. chemistry and cloud processes (Warneck, 2003; Ervens et al., 2004) that are not included in the present study and are expected to enhance the SOA mass production.
Interannual variability in SOA budget terms for the 10-year period
The variability of the biogenic VOC emissions calculated by ORCHIDEE during the studied 10-year period (1984-1993) is shown in Fig. 2 are key parameters in biogenic emissions variability, and water cycle) with generally colder and dryer 1986 than 1990 (Fig. 1) . These temperature and water cycle differences are not uniformly distributed around the globe; therefore the calculated emission changes vary spatially (Fig. 3 ).
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Interactive Discussion EGU Figure 4 depicts the annual variability of SOA budget terms as calculated by the TM3 model for the period 1984 to 1993 that results from changes in the emissions (Figs. 2 and 3) and meteorology (Fig. 1) . The global annual chemical production of SOA varies similarly to the emissions of biogenic VOC and the wet deposition of aerosols (for SOA is shown in Fig. 4 ). SOA burden in the model domain presents its minimum value 5 of 0.143 Tg in 1986 when biogenic VOC emissions are calculated to minimize. The maximum SOA burden is however computed for the year 1991 that is subject to high BVOC emissions (although the maximum emissions are calculated for 1990) but also to somehow lower than 1990 precipitation.
The variation of the SOA production efficiency of the BVOC emissions for the 10-year 10 period is shown in Fig. 5 as the ratio Global annual chemical SOAb production SOAb precursor VOC emissions normalized by the average ratio (0.115) for the whole period (squares). The ratio Global SOAb burden SOAb precursor VOC emissions normalized by the average ratio (8.26 10 −4 ) for the whole period (triangles) is also depicted as a measure of effective SOA yield of the emissions. In 1986 when the emissions are the lowest of the 10-year period, the chemical production efficiency and the burden efficiency are the lowest too. An interesting remark is that for the years 1990 and 1991, when the emissions are the highest, the chemical production efficiency is below the average of the 10-year period. This could result from high removal processes during these two years, which eliminate aerosols and corresponding gas-phase species from the atmosphere more efficient and thus slow down the aerosol production. The SOA 20 production potential of the emissions is highest in the years 1987-1989 and 1992-1993 . The difference of the interannual behaviour of the above discussed indices of SOA occurrence in the troposphere is largely due to the discussed involvement of the wet removal processes.
SOA are not only formed in the lower troposphere where most of the oxidation of the EGU lower temperatures, for instance towards the high troposphere, where the condensation of the semivolatile species is favoured and leads to SOA production. This process is of great importance both for the biogenic SOA (SOAb: that comes from biogenic parent VOC oxidation) and for the anthropogenic SOA (SOAa: that comes from anthropogenic parent VOC oxidation). We calculate that 60% of the net chemical production 5 of the SOAa and 70% of the SOAb occur below about 300 hPa (first 9 model levels). This means that roughly 1/3 of the total chemical production of SOA is calculated to occur in the upper troposphere/lower stratosphere. Accordingly, corresponding SOA burden calculations show that about 60% of the SOAa and 65% of the SOAb mass is located in the lower and middle troposphere (lower layer). This vertical distribution of the SOA burden is slightly different than that of the chemical production due to enhanced removal of the particles by wet and dry deposition at the lowest altitudes. The interannual variability of these numbers is insignificant (vary about 1-2 percent units) for the whole 10-year studied period.
What controls the variability of the SOA budget terms 15
In order to study the factors that influence the interannual variability of the SOA budget terms (chemical production, destruction by deposition, total budget) five additional simulations have been performed as described in Sect. 2.3. The year 1986 (lowest emissions of biogenic VOC and chemical production of SOA for the studied years) has been chosen for comparison with 1990 (highest emissions and chemical production).
20
The results for the five different simulations with regard to SOA budget terms are shown in Table 1 . As also indicated in this table, the chemical formation of total SOA is controlled by the biogenic VOC, since the biogenic fraction SOAb is the major contributor to the total SOA (Tsigaridis and Kanakidou, 2003) . For the same amount of precursor VOC emissions (M86/E86 vs. TH90/E86) the chemical production of SOA is controlled by temperature and water cycle (relative humidity, precipitation, cloud cover), reduced by 0.4% and increased by about 2.4%, respectively, when changing from 1986 Introduction
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Interactive Discussion EGU to 1990 fields. SOA production is enhanced due to reduced rainfall over most of precursor VOC source regions that results in the presence of more pre-existing particulate matter available for condensation of semivolatile compounds and thus in higher SOA mass. This points the need of accurate knowledge of the changes in the spatial pattern of the meteorological parameters and the biogenic emissions. Important feedback 5 mechanisms are also related to transport in the atmosphere and affect SOA chemical production, which makes simulations M86/E86 and M90/E86 to have only small changes in the chemical production of SOA, i.e. transport compensates for the 2% changes calculated when comparing TH90/E86 with M86/E86. 10 In order to calculate the optical depth (OD) of the particles we used the approach of Kiehl and Briegleb (1993) :
SOA optical depth: spatial and temporal variability
Where OD(λ) is the OD of the aerosol at a wavelength λ, B(λ) is the mass extinction efficiency (extinction coefficient per unit of aerosol mass at relative humidity (RH)<40%; Table 2 ), a is the aerosol column burden and f (RH, λ) is the relative increase of the scattering coefficient at given RH to the scattering at low (<40%) RH (based on a polynomial fit by Veefkind (1999) for sulfate aerosols). This approach has been used for all types of aerosols that are not hydrophobic (part of carbonaceous aerosols, see Tsigaridis and Kanakidou (2003) for details). A geometric mean radius of 0.05 µm and 20 a geometric standard deviation of 2.0 has been adopted for all aerosol types in the model. The calculated OD of SOA (OD SOA) presents a high spatial ( Fig. 6 ) and temporal (not shown) variability, reflecting that of the emissions of biogenic VOC, oxidant levels and meteorological conditions as discussed in Sect.
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Interactive Discussion EGU (M90/E90 vs. M86/E86) are also shown in Fig. 6 (lower panels) and reveal high variability with both positive and negative values and an overall effect of an increased global burden of SOA. The corresponding differences in the calculated tropospheric O 3 columns (from the surface to 300 hPa) are shown in Fig. 7 and they reflect the increased production of 5 O 3 in VOC limited areas when VOC emissions are higher and the increased loss of O 3 where relative humidity has been increased.
Temperature is an important factor controlling the SOA distribution. The calculated differences between simulations T90/E86 and M86/E86 show the effect of temperature change between 1990 and 1986 and are depicted in Fig. 8 both for the OD SOA and 10 O 3 column. When temperature increases, the condensation of the semivolatile compounds present in the atmosphere is reduced, therefore the model calculates lower OD SOA for 1990 where temperature has been increased (from 1986 to 1990; see also Fig. 1 ) and vice versa. Lower temperatures also imply less photochemical activity that results in reduced O 3 calculated by the model.
15
The atmospheric water cycle also affects the OD SOA since it drives the wet deposition of trace gases and aerosols. Additionally, the relative humidity of the air affects the amount of water present in the aerosols, and thus their extinction coefficient. The net result of these processes is shown in Fig. 9 that depicts the spatial variation of the effect of water cycle on OD SOA and O 3 column. In general, O 3 is increasing where 20 the relative humidity decreases. Since O 3 reaction is the main oxidant that produces SOA in the model, an increase in the OD SOA is also calculated.
The seasonality of the calculated OD SOA is strong (OD SOA during summer is more than double that of winter; Fig. 10 ), but the interannual variability is weak (about 12%; not shown) and of the same order of magnitude with the natural variability of 25 the biogenic emissions. OD SOA maximizes during summer, when both tropical and temperate/boreal forests emit large amounts of biogenic VOC, and minimizes during winter when the emissions of biogenic VOC are important only in the tropical forests that receive large amounts of solar radiation year-round. According to our model calcu-
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Interactive Discussion EGU lations that neglect sea-salt and dust, OD SOA contributes to the total global average OD by about 5% with other contributors being sulphate (57%), black carbon (14%), nitrate (13%) and primary organic carbon (11%). These contributions are subject to significant spatial and temporal variations.
Conclusions
5 Kanakidou et al. (2000) have shown that the human impact has drastically increased the biogenic SOA chemical production since preindustrial period. This enhanced SOAb chemical production exhibits naturally driven variations that have been studied here. This naturally driven variation in the biogenic SOA production is calculated to equal about 8% i.e. to be of the same order with the chemical production of SOA from anthro-10 pogenic VOC oxidation, whereas the SOA burden issued from biogenic VOC oxidation varies by about 11.5%. Meteorological parameters like temperature, water cycle and mixing by transport can affect the temporal and spatial variability of SOA. In particular with regard to the chemical production of SOA from biogenic VOC oxidation, temperature affects the condensa-15 tion of semivolatile compounds to the aerosol phase, while the water cycle has a major impact by affecting the removal of aerosols from the atmosphere, the water associated to the aerosol and finally the aerosol optical properties. Atmospheric circulation affects the transport of aerosols, which will change the surfaces available for condensation of the semivolatile compounds. According to our calculations this feedback mechanism 20 seems to compensate for the effects of temperature and water cycle changes. Figures
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